Chemical vapor deposition based sulfur passivation using hydrogen sulfide is carried out on both n-type and p-typeSi(100) wafers. Al contacts are fabricated on sulfur-passivated Si(100) wafers and the resultant Schottky barriers are characterized with current-voltage (I-V), capacitance-voltage (C-V) and activation-energy methods. Al/S-passivated n-type Si (100) junctions exhibit ohmic behavior with a barrier height of less than 0.078 eV by the I-V method and significantly lower than 0.08 eV by the activation-energy method. For Al/S-passivated p-type Si(100) junctions, the barrier height is ~0.77 eV by I-V and activation-energy methods and 1.14 eV by the C-V method. The discrepancy between C-V and other methods is explained by image-force induced barrier lowering and edge-leakage current. The I-V behavior of an Al/S-passivated p-type Si(100) junction remains largely unchanged after 300°C annealing in air.
I. Introduction
Among the many techniques for surface passivation on Si, thermal oxidation of Si provides arguably the best-quality passivation [1] [2] [3] . Si nitride (SiN x ) by plasma-enhanced chemical vapor deposition is widely used in Si photovoltaic solar cells for both surface passivation and antireflection [4, 5] . A recent development in surface passivation for Si solar cells is Al oxide (Al 2 O 3 ) by atomic layer deposition, in which the negative charges provide excellent passivation for p-type Si surface [6, 7] . Although these techniques have been proven effective, the insulating layers prevent metallization on the passivated surface for electrical contacts. The concept of "valence-mending" was proposed by Kaxiras to terminate dangling bonds on the Si(100) surface [8] . A valence-mended Si(100) surface by a single atomic layer of sulfur (S) or selenium(Se) has led to record-low and record-high Schottky barriers. Tao et al. reported an record-low Schottky barrier of 0.08 eV for an Al/Se-passivated n-type Si(100) junction using molecular beam epitaxy (MBE) for passivation [9] . Although the quality of MBE passivation is superior, its high cost and low throughput prevent its practical applications. Song et al. demonstrated a record-high Schottky barrier of 1.1 eV for an Al/S-passivated p-type Si(100) junction using solution passivation [10] . The solution method is advantageous on cost and throughput, but the quality of solution passivationis far inferior to that of MBE passivation. This is evidenced by the poor thermal stability of the record-high Schottky barrier [10] and prevents its practical applications.
Chemical vapor deposition (CVD) is considered as the best candidate for valence-mending passivation, which provides good passivation quality, low process cost and high throughput.
Furthermore, CVD allows both sides of a wafer to be passivated simultaneously when the wafer sits upright. CVD also allows valence-mending passivation of Si(111) surface such as textured Si(100) wafers with (111) facets in Si solar cells. The dangling bonds on Si(111) points 3 perpendicular to the surface at one dangling bond per surface atom, which requires Group VII atoms such as fluorine or chlorine (Cl) to terminate. Group VII precursors such as hydrogen chloride (HCl) are readily available for such a CVD process.
In this paper, CVD-based sulfur passivation is carried out on both n-type and p-type Si(100) wafers. Al contacts are fabricated on S-passivated Si(100) wafers and electrical characterization of the Al/S-passivated Si(100) junctions is performed. The barrier height of Al/S-passivated n-type Si(100) junctions is found to be significantly lower than that of Al/Se-passivated n-type Si(100) junctions using MBE passivation. For Al/S-passivated p-type Si(100) junctions, capacitance-voltage measurements suggest a barrier height of 1.14 eV, which is larger than the bandgap of Si.
II. Experimental details
For the experiment, 4-inch n-type Si(100) wafers with ~1×10 16 junctions), the temperature range in activation-energy measurements was 300 K to 400 K.
To determine if edge-leakage current was present in Al/S-passivated p-type Si(100)
junctions, Al contacts with various diameters were deposited on a S-passivated p-type Si(100) 5 wafer by electron-beam evaporation through a shadow mask. The diameters of the Al contacts were from 600 m to 1,200m. Al was also deposited on the backside of the wafer as the back contact, and I-V measurements were performed between a front Al contact and the back Al contact. To determine the thermal stability of sulfur passivation, Al/S-passivated p-type Si(100)
junctions were annealed on a hotplate in air for 30 s at 300°C, and their I-V behaviors before and after annealing were compared. For Al/S-passivated n-type Si(100) junctions, the deposition of Al contacts was performed at a substrate temperature of 220°C in the electron-beam evaporator.
Their I-V behaviors immediately and 47 days after fabrication, and then annealed on a hotplate in air for 30 s at different temperatures from 300°C to 500°C, were compared.
III. Resultsanddiscussion

A. Al/S-passivated n-type Si(100) junctions
By terminating dangling bonds on the Si(100) surface, a low Schottky barrier close to 0 eV is expected between Al and n-type Si [11] . Figure 1 shows the I-V characteristics between two adjacent Al contacts on S-passivated n-type Si(100) surface at different temperatures. The I-V characteristics between two Al contacts on a control n-type Si(100) wafer without sulfur passivation is included for comparison. It is noted that the I-V characteristics of a very low Schottky barrier can be overshadowed by a high series resistance. At room temperature, impedance spectroscopy indicates a practically constant series resistance of ~31 , which prevents the calculation of the Schottky barrier height. In this case, I-V measurements of two back-to-back Schottky junctions at low temperatures are proposed as the most effective method to evaluate the barrier height [12] . As shown in MBE-based Se passivation, 0.08 eV [9] . For comparison, the barrier height measured for Al contacts on a control wafer without sulfur passivation is 0.39 eV. This is higher than the S-passivated sample but lower than the historical value for Al on n-type Si, 0.72 eV [13] . The discrepancy with the historical data is partially attributed to the high edge-leakage current in our samples, which will be discussed later in this paper.
Activation-energy measurements of an Al/S-passivated n-type Si(100) junction under different bias were performed from 77 K to 300 K to confirm the low Schottky barrier. As shown in Fig. 2 , the activation-energy method yields positive slopes, indicating a very low Schottky barrier. With a reasonable barrier height, the slope in an I/T 2 versus 1/Tplot is negative. A positive slope was observed in activation-energy measurements of a very low Schottky barrier [9] . In that case a positive slope appeared near room temperature. In Fig. 2 a positive slope occurs down to 77 K, suggesting a significantly lower Schottky barrier than our previous report, 0.08 eV. With the low Schottky barrier, the C−V method does not work.  and an ideality factor of 1.4. The series resistance mainly comes from the resistance of the Si wafer and the non-unity ideality factor may be attributed to the limitations of the thermionic emission model in high barrier measurements [14] . The barrier height on the control sample is 0.59 eV, which is in agreement with the historical value for Al on p-type Si, 0.58 eV [13] . The barrier height can also be determined with C-V measurements, in which the capacitance of a sample is determined through the measured impedance using a suitable equivalent circuit [15] . However, it has been shown that C-V measurements with a single alternating-current (AC) frequency often produce inaccurate results, and multiple-frequency measurements should be used to account for series resistances [16] . In this paper, impedance spectroscopy between 500Hz
B. Al/S-passivated p-type Si(100) junctions
and 1MHz was employed to extract accurate C-V curves. Figure 5 shows the reactance spectra of an Al/S-passivated p-type Si(100) junction under different direct-current (DC) bias, in which the time constant at each DC bias produces a maximum in negative reactance at its characteristic 8 resonant frequency. The sample has two space charge regions, as the back contact is Schottky as well. Under forward bias, however, the front contact is in depletion and the back contact is in accumulation. The reactance spectra are dominated by the front contact. Therefore, the maxima in Fig. 5 yield the C-V curve and thus the barrier height for the front Al contact [15] . The capacitance is extracted from the maxima using the following equations [15] = −2 (2)
where X is the reactance and  R is the resonant frequency. Al/S-passivated p-type Si(100) junctions is thus 1.14 eV. This value is a little higher than our previous report, 1.1 eV, for an Al/p-type Si(100) junction with solution-based sulfur passivation 9 [10] . As the bandgap of Si is 1.12 eV at room temperature, this value suggests that larger-than-bandgap Schottky barriers are possible.
The apparent 1.14 eV Schottky barrier raises several questions. First of all, C-V measurements resulted in a value much higher than I-V and activation-energy measurements, 1.14 eV versus 0.78 eV. Secondly, the reverse current density of Al/S-passivated p-type Si (100) junctions is in the 10 -7 A/cm 2 range (Fig. 3) , way too high for a 1.14 eV barrier. Finally, the theoretical barrier height for Al/p-type Si junctions is 0.89 eV. This is calculated from the bandgap of Si E g , 1.12 eV, the electron affinity of Si  s , 4.05 eV [18] , and the work function of Al  m , 4.28 eV, through  Bp = E g +  s - m . These questions are discussed in the following sections.
C. Dipole moment in S-passivated Si(100) surface
The discrepancy between the measured flat-band barrier height 1.14 eV by C-V and the theoretical barrier height 0.89 eV may be attributed to the S-Si dipole moment in the S-passivated surface. The change in barrier height   due to surface dipole is given by [10] 
where  o is the permittivity of vacuum,  r is the relative permittivity of Si near the interface, which is about half of the bulk Si permittivity [19] , often taken as 4 [10, 20] . N S is the atomic density of sulfur on the Si(100) surface. Assuming a complete monolayer of sulfur, N S is 6.78×10 14 atoms/cm 2 . p is the dipole moment and can be written as
where  is the ionic character and d is the separation between the sulfur monolayer and the Si(100) surface, taken as 1.09 Å [10, 21] . Since the S-Si bond is largely covalent (less than 15% ionic) [22] , the ionic character  may be described by a revised version of Pauling's correlation
where X A and X B are the electro negativities of the atoms involved. For sulfur, it is 2.58 and for Si, it is 1.9. The calculated  is thus 0.12 e. On the S-passivated Si(100) surface, each sulfur atom bonds to two surface Si atoms and vice versa, so for a single S-Si bond,  is 0.06 e. Using the above parameters, the calculated   is 0.2 eV, which accounts for the discrepancy between the measured flat-band barrier height and the theoretical barrier height.
D. Image-force induced barrier lowing
A 1.14-eV barrier should produce an extremely-small reverse current density in the range of 10 -11 A/cm 2 . The actual reverse current density from I-V measurements is 3.9×10 -7 A/cm 2 at 300 K (Fig. 3) . This discrepancy may be attributed to image-force induced lowering of the barrier and the leakage current along the edge of the Al contacts. In our previous work [10] , a barrier height 
where  r is the relative permittivity of Si. Another abbreviation in Eq. 7 
The image-force lowering calculated is as high as 0.24 eV. This barrier lowering is experienced by charge carriers moving across the interface in I-V measurements. It does not occur under flat band where C-V extracts the barrier height [25] . This is why the barrier height from C-V is higher than I-V and activation-energy measurements.
E. Edge-leakage current
The calculated image-force lowering above accounts for only part of the barrier height difference between C-V and I-V measurements. Another reason for the higher-than-expected reverse current density in the I-V measurement is the leakage current, which is caused by the high electric field around the periphery of the Al contacts. If the reverse current is dominated by thermionic emission (Eq. 1), it is proportional to the area of the Al contact, i.e. a quadratic 12 relation between current and contact diameter. On the other hand, if the reverse current is dominated by edge effects, it is proportional to the circumference of the Al contact, i.e. a linear relation between current and contact diameter [24] . Figure 7 shows the reverse current of Al/S-passivated p-type Si(100) junctions as a function of the diameter of the Al contacts from 600 m to 1,200 m. The reverse current increases neither linearly nor quadratically with the diameter of the Al contact, suggesting that the reverse current is neither 100% edge leakage current nor 100% thermionic emission current. However, the reverse current is more linear than quadratic, indicating that it is largely edge-leakage current. The edge-leakage current produces a larger reverse current and reduces the apparent barrier height in I-V measurements.
F. Thermal stability of sulfur passivation
The thermal stability of Al/S-passivated Si(100) junctions was determined by monitoring their I-V behavior before and after annealing. Figure 8 shows the I-V characteristics of Al/S-passivated p-type Si(100) junctions before and after annealing at 300°C for 30 s in air.
Before annealing the reverse current density at 0.5 V is 5.1×10 -7 A/cm 2 . After annealing it increases to 9.1×10 -7 A/cm 2 . The relatively-small change in reverse current density suggests a thermally-stable high Schottky barrier up to 300°C. This is in sharp contrast to the poor thermal stability of the 1.1 eV barrier in our previous report [10] , in which the high Schottky barrier disappeared after annealing to just 150°C. The thermal stability of the metal/valence-mended Si(100) junctions is due to the suppressed chemical reactivity of the Si(100) surface by valence-mending passivation [26] . The better thermal stability by CVD suggests better passivation quality over the previous solution passivation. Figure 9 shows the I-V characteristics of Al/S-passivated n-type Si(100) junctions 13 immediately and 47 days after fabrication, and then annealed at different temperatures from 300°C to 500°C. The junctions remain ohmic all the way to 500°C. One difference between these samples and all other samples in this paper is that the deposition of the Al contacts is performed at a substrate temperature of 220°C in the electron-beam evaporator. In our previous work it was noted that there is a layer of adsorbate sandwiched between the valence-mended Si(100) surface and the Al layer when the valence-mended sample is exposed to air (data not shown). The oxygen in the adsorbate layer can react with the sulfur passivation layer at elevated temperatures and damage the passivation. It is suggested that by heating the substrate, the adsorbates are driven off from the surface and a cleaner Al/S-passivated Si(100) interface is obtained, leading to significantly-better thermal stability.
IV. Conclusion
Surface states between Al and Si(100) surface are significantly reduced by CVD-based sulfur passivation on both n-type and p-type Si(100) wafers. Al/S-passivated n-type Si(100) junctions exhibit ohmic behavior with a barrier height of less than 0.078 eV by the I-V method and significantly lower than 0.08 eV by the activation-energy method. For Al/S-passivated p-type Si(100) junctions, the barrier height is ~0.77 eV by I-V and activation-energy methods and 1.14 eV by the C-V method. The discrepancy between C-V and other methods is explained by image-force induced barrier lowering and edge-leakage current. Further research is needed to minimize image-force lowering and edge-leakage current in order to reduce the reverse current density for the 1.14-eV Schottky junction. The I-V behavior of an Al/S-passivated p-type Si(100) junction remains largely unchanged after 300°C annealing in air. It is also discovered that heating the S-passivated Si(100) wafer before Al deposition significantly improves the thermal 14 stability of an Al/S-passivated n-type Si(100) junction to 500°C. 
